The genomes of virtually all vertebrates, humans included, have been colonized during evolution by retroviruses via integration of their genomes into the germ line and subsequent fixation in the gene pool of the host population. These viruses, referred as endogenous retroviruses (ERV), are inherited by the host vertically in a Mendelian fashion. In contrast, exogenous retroviruses are horizontally transmitted and do not efficiently infect the germ line (6, 32, 50) . Most ERVs are replication defective due to point mutations or deletions in their coding and/or regulatory regions; this presumably is necessary to avoid deleterious effects of replicating retroviruses in the hosts. The biological significance of the majority of ERVs is apparently minimal. On the other hand, some ERVs have maintained the capacity to express at least some of their genes and have either beneficial or detrimental effects. In mice, for example, expression during ontogeny of the superantigen by some endogenous mouse mammary tumor virus loci leads to clonal deletions of T cells required for successful infection by related exogenous and pathogenic mouse mammary tumor viruses (16, 24) . The expression of some ERV proteins in mice and chickens can prevent infection by related exogenous viruses by receptor interference or postentry mechanisms (5, 29, 51, 56) . In terms of deleterious effects, the generation of more pathogenic retroviruses can result from reactivation and/or recombination among different endogenous loci (19, 25, 60, 62, (65) (66) (67) or by recombination with related exogenous viruses (4, 17, 18, 20, 40, 55) . This has been well documented in mice and selected lines of chickens. In humans, speculations on the pathogenic involvement of some endogenous loci in autoimmunity (39) , testicular tumors (33, 64) , or multiple sclerosis (52) have been reported, although there is no conclusive evidence to date.
Renewed interest in ERVs derives from the potential viral hazards associated with xenotransplantation or the use of retroviral vectors in gene therapy. There is concern about possible generation of pathogenic viruses originating (totally or partially) from ERVs (48, 49, 53, 61) .
Sheep and goat genomes harbor 15 to 20 copies of endogenous type D retroviruses (22, 23, 70) highly related to two type D exogenous retroviruses that are oncogenic. The exogenous viruses, jaagsiekte sheep retrovirus (JSRV) and enzootic nasal tumor virus (ENTV), cause, respectively, ovine pulmonary carcinoma (OPC) and enzootic nasal tumor in small ruminants (9, 12, 13, 44, 46, 70) . At least some of the endogenous type D retroviruses (referred to as enJSRVs) are transcribed in a variety of sheep tissues (41, 59) . Sequence analyses of the LTR, portions of env, and orf-x (2, 3, 41, 54) of some of the endogenous loci have been described and have been useful in distinguishing the exogenous and endogenous viruses. However, because all previous sequence data were obtained from PCR amplifications of portions of enJSRV proviruses, no information has been available on the total genomic structures of enJSRVs. Cloning and analysis of three intact enJSRV proviruses are described in this report. The results provided insight into the genomic structure of enJSRVs, their phylogeny, their relationship to exogenous JSRV and ENTV, the relative timing of insertion into the sheep genome, and the tissue specificity of exogenous versus enJSRV expression.
MATERIALS AND METHODS
Molecular cloning. The construction of a lambda phage genomic DNA library from a sheep OPC lung tumor was described previously (46) . The library was initially divided into 15 sublibraries, and each was independently amplified. Aliquots of the 15 sublibraries were screened for the presence of exogenous JSRV proviruses by using a JSRV U3-specific heminested PCR (45) . The sublibraries negative for exogenous JSRV were further screened for the presence of enJSRVs. In particular, sublibraries 5 and 6 were plated onto bacterial agar plates and subjected to hybridization of plaque lifts with two 32 P-labeled probes on replica filters: a JSRV gag-specific probe and an env-specific probe. Under the hybridization conditions used, these probes hybridized with both endogenous and exogenous JSRV sequences. Primary plaques positive for both probes were picked and further purified by dilution and plating for isolated plaques on bacterial lawns, followed by hybridization with both gag and env probes. The presence of exogenous JSRV was ruled out by exogenous LTR-specific PCR and by the lack of an exogenous JSRV-specific ScaI restriction site in gag. Three recombinant phages carrying distinct enJSRV loci were subcloned into pBlueScript (Stratagene) to give penJS56A1, penJS59A1, and penJS51F6. Both strands of the three clones were completely sequenced on an ABI Prism 310 genetic analyzer (Perkin-Elmer), using a BigDye Terminator DNA cycle sequencing kit (PE Applied Biosystems) as recommended by the manufacturer.
Computer analysis of sequence data. Sequences were analyzed using the DNASTAR 1.59 software package (DNASTAR, Inc.) and DNA Strider 1.2 (37) . Sequences alignments were performed using ClustalW 1.8 (63) . Phylogenetic analysis calculating the genetic distances between sequence pairs was carried out by the DNADIST program in PHYLIP version 3.5 (15) . Neighbor-joining trees were estimated by use of the NEIGHBOR program; bootstrap analyses used 1,000 bootstrap replications (14) . An additional open reading frame (orf-x) overlapping pol is present in JSRV but is interrupted by two stop codons in ENTV (8) . enJS56A1 is the only one of the three endogenous proviruses cloned in this study to maintain full (or nearly full) open reading frames in all structural genes. enJS59A1 has premature stop codons in gag and pol and a major deletion in env. enJS5F16 has a deletion in pol. Different peptide sequences at the 3Ј end of the pol gene in enJS56A1 due to a frameshift are indicated by cross-hatching. The LTRs are indicated by solid boxes.
Plasmids. Plasmid pCMV2JS21 is a construct derived from the JSRV 21 infectious molecular clone where the viral genes are under the control of the cytomegalovirus (CMV) immediate-early promoter (46) . Plasmid pCMV2en56A1 was derived by replacing the 5Ј LTR of penJS56A1 with the CMV promoter and JSRV R and U5 of pCMV2JS21 by standard molecular cloning techniques (57) . Chimeric constructs between pCMV2JS21 and pCMV2en56A1 were obtained taking advantage of the common HpaI and BamHI restriction sites in gag (position 1274 of JSRV 21 ) and at the end of pol (position 5265 of JSRV 21 , 135 bp before the end of the pol reading frame and 56 bp before the start codon of env). Plasmid pGPxEe has gag and pol of pCMV2JS21 and env from pCMV2en56A1, while plasmid pGPeEx has the gag and pol from pCMV2en56A1 and env from pCMV2JS21. Plasmid pGePEx has the majority of gag from pCMVen56A1 and pol and env from pCMV2JS21, while pGxPEe has the first two-thirds of gag from the exogenous pCMV2JS21 and the rest of the genome from pCMVen56A1.
The LTRs of penJS5F16, penJS56A1, and penJS59A1 were cloned into pGL3-basic (Promega) by standard PCR cloning techniques. The resulting plasmids (pen5F16-luc, pen56A1-luc, and pen59A1-luc) had the firefly luciferase gene under the control of the various endogenous LTRs. pJS21-luc contains the LTR of JSRV 21 which drives the luciferase gene (42) . pRL-null (Promega), a promoterless plasmid with the Renilla luciferase gene, was used to correct for transfection efficiency by cotransfection with the LTR reporter plasmids as described below.
Plasmids pCMV-HNF3␣ and pCMV-HNF3␤, expressing hepatocyte nuclear factors 3␣ and -␤ (HNF-3␣ and -␤; provided by R. H. Costa, University of Illinois, Chicago) were used in transactivation experiments. 21 (AF105220), JSRV-SA (M80216), and ENTV (Y16627) and the endogenous enJS5F16 and enJS56A1 that maintain full-length gag open reading frames. Dots refer to identical sequences, while dashes indicate lack of sequence. VR1 and VR2 are underlined. Note that the prolines in VR1 of the exogenous JSRVs and ENTV are absent in the endogenous proviruses. In VR2, ENTV is more similar to enJSRVs than JSRV. The putative CA region and the HpaI site used to generate exogenous-endogenous chimeras (Fig. 4) are indicated.
pRL-null were used with 6 l of Fugene (Boehringer) as recommended by the manufacturers. Experiments were done in six replicates in at least two independent experiments. Cells were lysed 48 h after transfection and analyzed using the Promega dual luciferase reporter system protocol in a TD 20/20 luminometer (Turner Design) as recommended by the manufacturer. Values for the various endogenous LTR reporters were compared to the activity of pJS21-luc, which was taken as 100%.
For transactivation experiments, 200 ng of pJS21-luc, 1 to 200 ng of transactivating plasmid (or control plasmid containing the same promoter as the transactivating plasmid), and 50 ng of pRL-null were used in NIH 3T3 cells. The activation of JS21-luc by HNF-3 expression plasmids was calculated by comparing the relative activity of pJS21-luc cotransfected with either pCMVHNF-3␣ (or pCMVHNF-3␤) or a plasmid with the CMV promoter alone. Transfection efficiencies were normalized as above, using pRL-null. For the production of viral particles, 293T cells were transfected with pCMV2JS21 or pCMV2en56A1 (or the various chimeras), and viral particles were collected from concentrated supernatants as previously described (46) .
Western blotting. Western blotting of concentrated 293T supernatants for the detection of JSRV major capsid (CA) protein was performed as already described (46) .
Tissue samples. Tissue samples used for in situ hybridizations were collected during the necroscopy of a healthy sheep. Tissues analyzed were lungs, liver, kidney, spleen, uterus, intestine/jejunal Peyer's patches, mediastinal lymph nodes, precrural lymph nodes, and jejunal lymph nodes. Samples were fixed in 10% neutral buffered formalin, processed routinely in an automatic tissue processor, embedded in paraffin wax, and sectioned (5 to 7 m).
In situ hybridization. In situ hybridization was performed essentially as previously described (58, 59) . Deparaffinized, rehydrated, and deproteinated tissue sections were hybridized with radiolabeled antisense or sense cRNA probe generated from linearized plasmid template (DD54 [59] ) by in vitro transcription with [␣- 35 S]UTP (3,000 Ci/nmol; Amersham-Pharmacia). DD54 contains 436 bp from the env region of an enJSRV and is 96 to 98% identical to enJS56A1 and enJS5F16. Autoradiographs of slides were prepared using Kodak NTB-2 liquid photographic emulsion. Slides were kept at 4°C for 1 week, developed in Kodak D-19 developer, counterstained with Harris' modified hematoxylin in acetic acid (Fisher), dehydrated through a graded series of alcohol to xylene, and coverslipped. Photomicrographs were taken under bright-field and dark-field illumination using a Carl Zeiss Axioplan2 photomicroscope fitted with a Hamamatsu chilled 3CCD color camera.
Nucleotide sequences accession numbers. Sequences of enJS56A1, enJS5F16, and enJS59A1 have been deposited in GenBank with accession numbers AF153615, AF136224, and AF136225.
RESULTS
enJSRV proviral structures and comparison with exogenous type D retroviruses. We screened a lambda phage library from a sheep with JSRV-induced OPC and obtained three complete endogenous proviral loci termed enJS56A1, enJS5F16, and enJS59A1. The lengths of the proviruses were 6,915 bp for enJS5F16, 7,939 bp for enJS56A1, and 6,695 bp for enJS59A1; their genomic structures are schematically shown in Fig. 1 .
(i) LTRs. All three endogenous proviral loci had an upstream and a downstream LTR, the hallmark of complete proviruses. In the U3 region of the LTR there were major differences with respect to the exogenous JSRV, as previously reported (3, 41) . The U3 regions of the endogenous loci were longer than those of the exogenous JSRV and ENTV. The U3 of the endogenous loci varied between 301 (enJS59A1) and 319 (enJS56A1 and enJS5F16) bp, while that of the exogenous JSRV 21 is 266 bp (46, 70) or, for ENTV, only 250 bp (9) . The U3 regions of enJS5F16 and enJS56A1 were 98% identical, and they had 85% sequence identity with respect to enJS59A1. The endogenous loci showed approximately 74% sequence identity with respect to the JSRV 21 U3, while R and U5 were highly homologous among the endogenous loci and with respect to JSRV 21 (92 to 96% identity). The upstream and downstream LTRs of enJS5F16 were identical, while those of enJS56A1 and enJS59A1 displayed two-and four-base changes respectively (see below).
(ii) gag. All three endogenous loci had a conserved tRNA 1,2 Lys primer binding site, the same used by exogenous JSRV and ENTV (9, 46, 70) . The gag gene had an intact open reading frame in enJS56A1 and enJS5F16, while a 1-bp insertion created a frameshift with a termination codon at position 820 in enJS59A1 provirus. The whole Gag predicted polyprotein was 98.2% identical in the endogenous clones and was highly con- served between endogenous and exogenous viruses (94 to 95% identity), with the exception of a short region corresponding to the predicted matrix of JSRV 21 (nucleotides 624 to 661). This region showed a proline-rich motif in the exogenous JSRV and ENTV, but there was no meaningful protein sequence similarity with the endogenous clones (Fig. 2) . Interestingly, this region also showed polymorphism between JSRV and ENTV in that there was only 50% identity at the amino acid level compared to the 95.8% identity for the entire Gag polyprotein. We termed this region VR1 (variable region 1) for the type D retroviruses of sheep. Downstream of VR1 (50 amino acid residues) there was another region of polymorphism between endogenous and exogenous viruses; we termed this region VR2. This region was also relatively proline rich for both endogenous and exogenous viruses. It was interesting that ENTV showed a closer relationship to the endogenous loci in VR2 than to the exogenous JSRV.
(iii) pro. The pro region showed an uninterrupted open reading frame for all three endogenous clones and was highly homologous for all of them. The endogenous clones and the exogenous JSRV 21 showed very high homology in this region (95 to 99.7% amino acid identity). The dUTPase motifs found in the 5Ј half of the pro gene (70) of JSRV are conserved in the endogenous loci.
(iv) pol. pol showed major defects in enJS5F16 and enJS59A1: in enJS5F16 there were two large deletions of 154 and 872 bp, while a point mutation in enJS59A1 created a stop codon (position 4071 of the provirus sequence) in the reverse transcriptase domain. In enJS56A1 there was a 2-bp deletion with respect to exogenous JSRV at the 3Ј end of the pol gene (corresponding to the end of the integrase [IN] domain) that would yield a polypeptide 14 aa shorter respect the native JSRV IN, with the last 33 aa having no similarity due to the frameshift. Besides this difference, the Pol polyproteins of enJS56A1 and JSRV 21 were 97.8% identical.
(v) orf-x. The orf-x region (an alternate reading frame in pol) was uninterrupted in enJS59A1. In enJS5F16 there was a major orf-x truncation as a consequence of the deletion in pol, while in enJS56A1 there was a stop codon 39 bp before the usual stop codon in JSRV 21 orf-x.
(vi) env. The env gene was deleted in enJS59A1 but was a fully open reading frame in enJS5F16 and enJS56A1. This region was 98% identical at the amino acid level between the two endogenous loci and ca. 92% identical between endogenous and exogenous JSRV 21 sequences. In the last 67 aa of Env (in the transmembrane region) there was another region of high divergence between endogenous and exogenous sequences (57 to 59% amino acid identity). This region also was shown to be highly variable between JSRV type 1 (composed of isolates from the African continent) and JSRV type 2 (from the United Kingdom and United States) sequences (2). We termed this region VR3. VR3 was also highly variable between exogenous JSRV and ENTV sequences (9) (Fig. 3) . enJS56A1 does not produce viral particles. Of the three endogenous loci cloned in this study, enJS56A1 had uninterrupted open reading frames in all of the structural genes. The only coding defects of enJS56A1 were a premature stop codon in orf-x and a frameshift leading to the last 33 aa of IN with no homology with the exogenous amino acid sequence. The orf-x is not necessary for viral particle formation and infectivity in vitro (M. Palmarini and H. Fan, unpublished results). It therefore seemed possible that this provirus could encode virus particles.
To test whether enJS56A1 had the potential to express viral particles, we generated a construct where transcription is driven by the CMV immediate-early promoter (termed pCMV2en56A1) (Fig. 4) . In pCMV2en56A1, the upstream LTR of penJS56A1 was replaced with the CMV promoter and the JSRV 21 R and U5 regions (from pCMV2JS21) (46) . pCMV2JS21, a derivative of pJSRV 21 where the CMV immediate-early promoter drives JSRV transcription, has been a useful tool to produce JSRV infectious virus in vitro by transiently transfecting 293T cells and collecting viral particles in the resulting supernatant (46, 47) . In this study we transfected 293T cells in parallel with pCMV2JS21 and with pCMV2en56A1 and harvested the supernatant at 24, 48, and 72 h posttransfection. Viral particles harvested from the resultant pools were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting using a rabbit antiserum toward the CA protein of JSRV (43) . We observed a CA-specific band of 26 kDa in the concentrated supernatants of pCMV2JS21-transfected cells, as expected, but no band was detected in the pCMV2en56A1 supernatants (Fig. 4B ). This indicated that enJS56A1 was unable to form virus particles. To localize the region(s) responsible for this defect, we made chimeric constructs between pCMV2JS21 and pCMV2en56A1 (Fig. 4A) . pGPxEe had gag and the majority of pol from exogenous JSRV 21 and the 3Ј 180 bp of pol and the entire env from enJS56A1; pGPeEx was the opposite chimera, with gag and the majority of pol from the endogenous locus and env from JSRV 21 . pGePEx had the first two-thirds of gag from the endogenous enJS56A1 and the rest of the genome from pCMV2JS21; pGxPEe was the opposite chimera, with exogenous gag and endogenous pol and env. pGPxEe was able to produce viral particles (Fig. 4B) ; the defect for viral production was therefore not due to the frameshift of the 3Ј portion of the pol open reading frame that is after the BamHI site used to make this chimera. Conversely, neither pGPeEx or pGePEx was able to produce viral particles, while pGxPEe did produce viral particles. The defect for particle formation is therefore localized in the first two-thirds of gag, upstream of the HpaI site (position 1274 in JSRV 21 ); interestingly, this region contains the gag VR1 and VR2. However, single amino acid changes outside VR1 and VR2 or polymorphism in the untranslated gag (Fig. 5 ) might also determine the assembly defect of enJS56A1.
Phylogenetic analysis and evolution. We generated unrooted neighbor-joining phylogenetic trees to assess the phylogenetic relationships between the three endogenous loci cloned in this study and with other known sequences of endogenous and exogenous type D retroviruses of sheep (2, 3, 9, 41, 46) . We generated a tree for the U3 region, one for env and one for gag and pol (Fig. 6) . In each tree it was possible to distinguish three major branches: one for the endogenous loci, one for the exogenous ENTV sequence, and one for the ex- ogenous JSRV sequence, confirming previous analyses with limited gag sequences (10) . The exogenous JSRVs could be further divided into two branches corresponding to sequences derived from Africa or from the United States and the United Kingdom as previously described (2, 3) . In all of the generated trees, the enJS59A1 loci branched apart from the other two endogenous loci cloned in this study as well as from most of the previous endogenous sequences isolated by PCR cloning.
The endogenous type D retrovirus loci seemed to be quite young from the evolutionary point of view. An estimate of the time of integration in the sheep germ line of these elements could be made by taking into account the variability between 5Ј and 3Ј LTRs of a single locus. The intragenomic differences would reflect these changes that have accumulated since the integration into the sheep germ line, as these LTRs presumably were identical at the time of integration. The LTRs would presumably mutate at the general rate of noncoding sequences and pseudogenes. Thus, intragenomic variability of the LTRs can be used as a molecular clock to estimate time of integration (11, 35, 38) . By this analysis, the integration events of enJS56A1 and enJS59A1 happened ca. 0.9 to 1.8 million years ago, calculated from an average value of 4.85 ϫ 10 Ϫ9 substi- tutions per nucleotide site per year relative to pseudogenes (31) . enJS5F16 might have integrated less than 500,000 years ago, based on sequence identity of the upstream and downstream LTRs. These numbers are subject to a wide margin of error (1) and do not take into account the possibility of gene conversion (28) .
From the constructed trees (Fig. 6 ), we could divide the endogenous loci into at least two phylogenetic groups, enJSRV-A and -B. Another one or two groups might arise (e.g., loci 5 and 6 might form a group separate from enJSRV-A), but complete proviral sequences need to be obtained in order to fully classify these elements.
Expression of enJSRVs in vivo. To evaluate the expression of enJSRVs in vivo, we performed in situ hybridization to a panel of tissues collected from healthy sheep. We used the DD54 probe, which contains 436 bp of the env gene that is 96 to 98% identical to enJS56A1 and enJS5F16 env. DD54 was previously identified in a study designed to isolate mRNAs differentially expressed in the endometrial lumena (LE) and glandular epithelia (GE) of the ovine uterus (59) . Indeed, we detected a very strong hybridization signal in the endometrial LE and GE of the ovine uterus (Fig. 7A to C) . Cells in the lamina propria of the gut also showed some specific mRNA expression (Fig.  7D to F) , and low levels of mRNA expression was detected in the bronchiolar epithelium of the lungs (Fig. 7G to I) . The alveolar epithelium did not show signal above background. Very weak or no signals above background were detected in the liver (Fig. 7J to L) , kidney, spleen, tonsils, and peripheral lymph nodes (data not shown).
enJSRV LTRs do not show pulmonary tropism and are not transactivated by HNF-3. Recently we have shown that the LTR of JSRV is preferentially transcriptionally active in mouse FIG. 8 . enJSRV LTR transcriptional activity. Plasmids penJS56A1-luc, penJS5F16-luc, and penJS59A1-luc were transfected into various cell lines as described in Materials and Methods. Cell lines were derived from mouse differentiated lung epithelial cells (MLE-15 and mtCC1-2) and extrapulmonary tissues such as mouse fibroblasts (NIH 3T3), mouse kidney (TCMK), and sheep endometrium (LE). Luciferase activities of the various endogenous locus LTRs as percentages of the activity of pJS21-luc, a reporter plasmid driven by the JSRV 21 LTR, are shown (average of 6 to 12 replicates).
FIG. 9. Effects of HNF-3␣ and HNF-3␤ on enJSRV LTRs. pJS21-luc, penJS56A1-luc, penJS5F16-luc, and penJS59A1-luc were cotransfected into NIH 3T3 cells (that do not efficiently support JSRV enhancer activity) along with an expression plasmid for either HNF-3␣ or HNF-3␤. Different amounts of the transcription factor expression plasmids were cotransfected with a set amount (200 ng) of the reporter plasmid DNA. The amounts of luciferase activity for the different cotransfections are shown as fold activation over the activity of reporter plasmid cotransfected with a plasmid having the CMV promoter but not HNF-3 insert.
cell lines derived from differentiated epithelial cells of the lungs (type II pneumocytes and Clara cells) (42) . To assess whether the pulmonary tropism was common to exogenous and endogenous viruses, we performed reporter assays with luciferase-expressing constructs driven by the exogenous JSRV 21 LTR (pJS21-luc) or by the LTR of each of the three endogenous loci (enJS56A1-luc, enJS5F16-luc, and enJS59A1-luc). Results were expressed as percentage of the luciferase activity of pJS21-luc after adjustment for transfection efficiency (measured by Renilla luciferase values induced by a cotransfected reporter plasmid [pRL-null]).
We performed the experiments in five different cell lines: MLE-15 (a mouse cell line derived from type II pneumocytes), mtCC1-2 (derived from mouse Clara cells), TCMK (derived from mouse kidney), NIH 3T3 (mouse embryo fibroblasts), and LE (a sheep cell line derived from the uterine endometrial epithelium). In a previous study (42) we showed that JS21-luc had the highest relative luciferase activity in MLE-15 and mtCC1-2; NIH 3T3 had an intermediate level of JS21-luc expression, while TCMK had low expression. The LE cells were chosen because of a previous report that enJSRV transcripts were found in endometrial epithelium (59) . As shown in Fig. 8 , the endogenous LTRs had a much lower luciferase activity compared to pJS21-luc in the lung-derived cell lines MLE-15 and mtCC1-2, ranging from 7 to 11% in MLE-15 cells and from 17 to 24% in mtCC1-2 cells. In contrast, in TCMK, 3T3, and LE cells, the activities of the endogenous LTR clones were much more comparable (45 to 115%) to that of pJS21-luc. These results suggested that the JSRV-like exogenous virus that infected the sheep germ line to give the enJSRV elements did not have preferential tropism for differentiated epithelial cells of the lungs and that the current lung tropism of the exogenous JSRV arose relatively recently.
In addition, we tested whether the LTRs of the endogenous clones could be transactivated by HNF-3. HNF-3 is a transcription factor that has been shown to play a major role in lungspecific transcription (7, 21, 36, 68) . We have shown that the JSRV LTR has two potential HNF-3-responsive element and that this LTR can be transactivated in 3T3 cells by coexpression of HNF-3␣ or -␤ (42). In the transactivation experiments shown in Fig. 9 , none of the endogenous LTR clones responded to cotransfection with HNF-3␣ or HNF-3␤ expression plasmids, while the exogenous JSRV was activated by both HNF-3␣ and -␤ as expected. The lack of response to HNF-3 strengthened the hypothesis that the enJSRV elements do not show the pulmonary tropism exhibited by JSRV.
DISCUSSION
In this study we molecularly cloned three enJSRVs and investigated their proviral structure, phylogeny, and pattern of expression. All three proviruses contained open reading frames for one or more structural genes. In particular, enJS56A1 was a virtually full-length provirus, with open reading frames for gag, most of pol, and env. However enJS56A1 was unable to make viral particles even when it was highly expressed. By construction of viral chimeras between exogenous JSRV 21 and enJS56A1, we identified the first two-thirds of gag of enJS56A1 as the region where the main defect for particle formation lies. Also, we identified two short regions in gag (VR1 and VR2) containing major differences between ovine endogenous and exogenous type D retroviral proteins. In particular, VR1 contains a proline-rich region in both JSRV and ENTV that is absent in the endogenous proviruses. A third region that is divergent between exogenous and endogenous sequences was located in the carboxy-terminal portion of the transmembrane protein (that we termed VR3) and was previously reported (2, 9) . Interestingly, in these variable regions there is also polymorphism between JSRV and ENTV. In the future, it will be interesting to investigate the influence of VR1, VR2, and VR3 on the replication or pathogenicity of the oncogenic exogenous viruses.
With the exception of these three variable regions, the endogenous proviruses were remarkably similar in protein-coding sequences to their exogenous counterparts (except for deletions). However, a strong polymorphism was localized in the U3 region of the LTR (3, 41) where the retroviral promoter and enhancers are located. We have recently shown that the exogenous JSRV LTR is a main determinant of viral tropism for the differentiated epithelial cells of the lungs (42) . By in situ hybridization, we have shown that the strongest expression of enJSRVs seems to be in the LE and GE of the uterus. Weaker expression was detected in the lamina propria of the gut and in the bronchiolar epithelium of the lung, but no signal above background was detected in the alveolar epithelium. In a previous study, however, low levels of enJSRV expression were detected by sensitive reverse transcription-PCR assays in several sheep tissues of different origins (41) . The tissue-specific pattern of enJSRV expression could reflect tissue specificity of the enJSRV LTRs, at least for those enJSRVs that are expressed. However, it is also possible that expression (or nonexpression) of different enJSRVs is determined by the host cell sequences surrounding the integrated enJSRV proviruses. This is a general question for all endogenous retroviruses. We used transient transfections and reporter assays to determine that the LTRs of the three cloned endogenous proviruses do not exhibit the same lung specificity as exogenous JSRV. The most likely explanation is that JSRV became lung tropic during its evolution as an exogenous virus, but that its progenitor (more likely to resemble enJSRVs) did not originally have strong pulmonary tropism. Consistent with this, the LTRs of the various enJSRVs were not transactivated by HNF-3, a transcription factor involved in lung-specific gene expression and capable of transactivating the JSRV 21 LTR in 3T3 cells (7, 21, 36, 68) . However, the presence of a specific enJSRV that gave rise to the exogenous JSRV and that is expressed primarily in differentiated lung epithelial cells cannot be excluded.
Based on analysis of the variability between 5Ј and 3Ј LTRs of the same locus, we estimated that enJS56A1 and enJS59A1 were integrated into the sheep genome between 0.9 million and 1.8 million years ago, while enJS5F16 might have integrated less than 500,000 years ago. This estimation, though subject to high variability, is in general agreement with the conclusions of a previous study based on different observations (23). Hecht et al. showed that sheep (and wild members of the genus Ovis) and goats (and wild members of the genus Capra) both have approximately 20 copies of endogenous type Drelated retroviruses. Moreover, the restriction endonuclease profiles of these elements are different between the two genera but are similar among members of the same genus. Thus, most of the enJSRV loci were acquired after the divergence between sheep and goats (4 million to 10 million years ago) (26) . Thus, the enJSRVs are rather young from the evolutionary point of view and can be considered "modern" endogenous retroviruses (8) ; the existence of the closely related exogenous JSRV and ENTV is also consistent with these elements being evolutionarily young (6) . 
